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Summary
Semiconductor superlattices are synthetic crystals, which consist

either of a periojc sequence of ultrthin layers of two different
semiconductors (*compositional superlattices')or of a single
homogeneous semiconductor, whilch is periodi5Wly n- and p- doped,
possibly with intrinsic layers in between ( n-i-p-i crystalso). -+- - . -

S . investigated electrical and electro-optical device applications
" of semiconductor superlattices in general, hut with special emphasis

on fast devices and oscillators for microwave generation. It is
found, that an extremely wide spectrum of possibilities results from

* the fact that the properties of superlattices can be tailored for a
given goal. I have'consideredtwo groups of device applications
according to the two major classes of semiconductor superlattices:
i) fevices, which rely on properties, which are In common to both
classes of superlattices. The most appealing devices in this class
are the FIR lasers, based on stimulated emission associated with
interlayer transitions.
ii) fevices, which rely on the unique features of the doping
superlattices. The electronic propertie of these superlattices
cannot only be tailored but they can be tunedwithin wide limits
for a given specimen. Moreover, the electron-hole recombination
lifetimes ecceed those of the host materials by many orders of
magnitude.,Jovel n-i-p-i devices include bulk field effect
transistor4 ultrasensitive or ultrafast IR photodetectors, tunable
light-emitt tg devices, and ultrafast optical modulators.
Particularlylppealing aspects of n-i-p-i device applications are the
possibility to\start from nearly any semiconductor as host material
and the rather Mqdest requirements for purity and perfection of the
crystals.

Keywords:

semicondutors, superlattices, GaAs, II1-V compounds, negative
differential conductivity, microwave generation, Gunn oscillators,
FIR, IR detectors, tunable light sources, tunable laser, FIR laser,
optical modulators, ultrafast, ultrasensitive.
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* PREAMBLE

The period of the investigation reported here coincides
with a rather unusual situation for the investigator. His
work on doping superlattices, initiated by the investigator
twelve years ago and performed by him and his coworkers,

< turned out more and more successful during the last three
years and received increasing recognition by the physical
community. This special situation had 3 major effects on
his work on this investigation of device aspects of semicon-
ductor superlattices:

1) The periodical reports and, in particular, the final report
were delayed. This was due to the investigator being strongly
involved in the work in progress on n-i-p-i doping superlattices,
with numerous invitations for International Conferences, Semi-
nars and Colloquia and, last not least, the preparation of

original papers and review articles on this subject. I apolo-
gize sincerely for this delay.

2) In my proposal for this investigation there was, still impli-

citely, a certain emphasis on doping superlattices apparent.
The progress during the last two years has further corroborated
my personal opinion , that doping superlattices represent

a more flexible and powerful basic material for semiconductor

device applications than their compositional counterparts.

Consequently, my activities were concentrated on the device

1 .aspects of the doping superlattices (although the number of

pages devoted to compositional superlattices in this report

- does not reflect this fact. In contrast to the work on doping

superlattices, the results on compositional superlattices have

not yet been published).

3) Both, the progress of research in this field, but also the

delay of this final report result in a number of new results and

proposals for device applications which were not anticipated

*or might have appeared too phantastic still a few years ago.
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I. INTRODUCTION

In my proposal for this investigation it was mentioned

that claims for possible device applications had been made in
connection with the first theoretical investigations of semi-
conductor superlattices by several authors. I also mentioned
that, apart from those claims, little detailed investigations,
neither theoretical nor experimental, had been done. Apart from
a few singular exceptions (to be mentioned below) the situation
has not changed substantially within the three years which have
passed in the mean time. This observation is particularly sur-
prising in view of the growing interest of solid state physi-
cists in the field of superlattices and other sub-micron struc-
tures. Several explanations for this phenomenon are principally
possible:

I) The claims of the above mentioned authors were not correct,
not serious, too academic, not taking into account the problems

occuring in the real world of semiconductors.

2) The properties investigated by these athors appeared not
attractive enough for stimulating device oriented people to
work on the subject.

3) We have now reached a state of the art which allows us to
work out the fundamental theory of superlattice phenomena and
to verify the theoretical predictions by experiments. The lite-
rature of the last few years gives an impressive record of this
development /l/. Researchers working in this field investigate
new materials, new techniques and find new phenomena, expected,
but also unexpected ones. The introduction of modulation doping
/2,1/, of the quantum Hall effect /3,1/, and the work on doping

superlattices /4-7,1/ may serve as examples. Most of the physi-
cists working in the field are mainly concerned with the basic
physical phenomena. They do not worry adequately about device
implications, which they may just mention occasionally.

4) Most of the properties of semiconductor superlattices are too

exotic ( or, at least, too unusual). Semiconductor superlattices
do not represent simply a new ( or better ) basic material for

the fabrication of improved conventional devices ( with, perhaps,

a few exceptions). The true potential of semiconductor super-

lattices lies in their use for novel devices. Therefore, it

happens that most of the experimental device physicists are not

sufficiently aware of those peculiarities of semiconductor super-

lattices which make them attractive for device applications. This

assertion can be supported by one of the few examples where the

interest for device applications of superlattices ( actually not

a superlattice, but rather a heterostructure) has been evident

in terms of conventional devices. This example is the concept of

modulation doping, yielding extremely high carrier mobilities /2/.
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The impact of this discovery on device scientists was so strong,
that, by now, apart from many non-profit research institutions
most of the major industrial research laboratories all over
the world are working on the development of ultrafast high-speed
transistors using modulation doped heterostructures ( HEMT's /8,9/,
or 2-DEG MESFET's /10,9/).

While the arguments 1) and 2) are not correct in my opinion
(there may have been some too optimistic speculations, occasionally,
with respect to point 1), but point 2) is certainly not correct),
the points 3) and 4), together, provide a reasonable and consis-
tent view of the present situation. I would like to express
my general view, in particular after this study, by saying that
we are now reaching the level at which device applications of semi-
conductor superlattices can and should be considered seriously:

1) A high technological level in growing superlattices with well-
defined design has been accomplished.

2) The experimental resultson such sophisticated structures provide
sound confidence not only concerning the feasibility of making the
structures, but also into the correctness of the basic theoreti-
cal concepts.Thus, we are encouraged to make use of the novel
properties of such materials also for the fabrication of novel
devices.

The purpose of this theoretical investigation is to en-
courage and to stimulate device experts to make use of semi-
conductor superlattices where it appears promising from the theo-
retical point of view. But we will also try to address problems
associated with someinteresting new ideas or concepts, which appear
attractive, but may not be feasible or really useful in prac-
tice.

The range of potential device applications of semiconduc-
tor superlattices covers nearly the whole field of electronic
and opto-electronic devices and could not be investigated in

depth in the framework of this study. In this report I will
first give a brief summary of the specific features of semi-
conductor superlattices and of the basic quantitative relations

between the "design" parameters and those features ( Section 2).
In sections 3) and 4) we will investigate those electronic
properties of semiconductor superlattices which make them sui-
table and attractive for device applications. The complexity
of features and resulting possible applications causes conside-
rable difficulties in ordering those aspects systematically.
As the most practical way to subdivide this discussion into

classes of properties appears distinguishing between features
which are specific for superlattices in general, but not speci-

fic for doping superlattices ( but may be exhibited by those,

4
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as well as by their compositional counterparts!) ( section 3 ),
and those which exclusively occur in doping superlattices ( sec-
tion 4).

The major part of the latter section has been included in
papers which have either been published recently or are in press.
Therefore, this part of the study will be summarized only in
this report. Most of the results reported in section 3 have not
yet been published ( though publication is anticipated ). They
will be presented here in more detail. Thus, the space devoted to
various topics in this report is not at all related to the sio-
nificance which I attribute to each of them!
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2. Summary of the electronic properties of semiconductor
superlattices.

A semiconductor superlattice is a periodic sequence of
ultrathin layers which differ from each other either by their
composition ("heterojunction superlattices", or "compositional
superlattices") or by the sign of doping ("homojunction super-
lattices, "p-n-junction superlattices, or "n-i-p-i crystals").
A brief review of their properties is given under Ref. /11/,
a more detailed one in /12/. For the understanding of this re-
port it will be sufficient if we summarize a few features. Some
of these features are in common to all kinds of semiconductor
superlattices, but others are specific for doping superlattices
only.

2.1. Superlattice potential

The strongly modified properties of semiconductor super-
lattices are a consequence of the superlattice potential which
results from the variation in composition or doping. Figs. 1 - 4
exhibit 4 major possibilities :
a) Compositional superlattice, type I (Fig.l). (Example: s.c.

GaAs, s.c. I . AlxGa lxAs). The band gaps of the two components

differ by an amount

Vo = Eg -g

The discontinuity of the band edges in the conduction and the
valence band Vo,cand VOvcreates a strong, rectangular shaped
potential in the conduction and the valence bands.
b) compositional superlattice, type II (Fig.2). (Example: s.c.
InAs, s.c.11: GaSb). Type II differs from type I by the sign of
the band edge discontinuities:Type I: opposite sign
Type II: same sign for conduction and valence band discontinuities

c) Doping superlattice (n-i-p-i) (Fig.3). Example: GaAs with
Si-donors and Be-acceptors). The space-charge potential of the
impurities acts as the superlattice potential.
Example: d =d ; n lnA; d.=O, i.e. no intrinsic layers (the term
Exmpl: ncr9stR l YIs also used for doping superlattices which do
not contain intrinsic layers in their periodic sequence of layers).
Amplitude of the superlattice potential:

Vo =(2 e2 n/K (2n/D ()

Important: Parallel modulation of conduction and valence band
edge by superposition of the space Sharge potential to the crystal
potential. Any value of V up to E /2 can be achieved by appro-
priate choice of design p~rameters.
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-v d) Hetero-dopina superlattice. (Example: A1 xGa 1x As n-i-p-i, with

intercallated intrinsic GaAs layers) (Fig.4). The superlattice

potential originates from band gap discontinuities and space

charge fields /11/.

2.2. Electronic structure of semiconductor superlattices.

The electronic structure of semiconductor superlattices differs

very strongly from the electronic structure of a uniform semi-

conductor:

a) The electronic properties are highly anisotropic: Propagation

of the carriers in direction of periodicity (denoted as the z-

direction in the following) is prohibited if the barriers are

wide and high, i.e. the carriers are confined to their layers

and can move freely only parallel to the layers.

b) The z-component of the motion in the potential wells is quan-

tizedwith discrete energy levels labeled Ec, , (/v= 0, 1, 2, .

and E (V= 0, 1, 2, ....) for the conduction and valence

bands, respectively. Each one of these energies is the edge of

a "'subband" (see Figs. 1-4 )

C= . ( !Z ,r n v ) i ( 2 )

)(3)

where the second term on the r.h.s. in (2) and (3) is the kinetic energy

for motion parallel to the layers with momentum fik, One of the

most intriguing features of semiconductor superlattices is the

fact that the energy separation between these subbands can be

tailored by appropriate choiceof the design parameters /11/.

Estimate for type-I compositional superlattices:
Ec,/ - F k ° L/'2 (/I ( A ) > 2 .1 f CC <E  V ('4)

E,, 4(-V2 A)( r/o')(I,4), ( E, E;'Vc, )

i.e., the spacing increases linearly with decreasing layer

thickness d'.

S

%.
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Example: GaAs Im = 0.067 m ), d =IOnm E = 45 meV
C 0 ) C,O

Estimate for doping superlattices /11/:

,,. e-' (. / V,.,-EvV ! <  Vo (7)

i.e., the spacing increases with the square root of (doping

concentration /(effective mass x dielectric constant)).

Example: GaAs with nD = cm Ec = EO + /Ax 40 meV

(Note that dn and dp do not affect the subband distances!).

c) With decreasing hights and/or width of the potential barrier

separating adjacent potential wells propagation in z-direction

becomes possible, because of the interaction between neighboring

layers. In other words: the subbands have a finite width with

respect to the z-component of the momentum (not shown in Figs 1-4):

Cos k z (9)

ZV(

In Eqs. (8) and (9) the nearest neighbor tight-binding

approximationwhich is applicable to nearly all cases of interest,

has been used. Estimates for the band width 2V or 2V"C,i4A v,v

will be given later, in connection with transport in the z-

direction. Here we mention only the following: The band width

decreases exponentially if the hights and/or the width of the

potential barrier between adjacent potential wells increases.

Thus, the band width, again, can be tailored by the choiceof

the design parameters:

For compositional superlattices: The heights V0  in-

creases if the Al-content x in the alloy Al Gal-x As is in-

creased; the barrier width, of course, is d I .

For doping superlattices: The height 2V0 depends on

.
is's.



• t -II-

the design parameters nD, nA, dn dp, and di, where 2V,
follows from Eq. (1) for our simple example. For a given constant

value of 2Vo the barrier width is proportional to nD -/2

e) Tunability of the electronic structure in doping superlattices.

This is a unique property of doping superlattices (and hetero-

n-i-p-i's) which is exhibited neither by compositional super-

lattices nor by any uniform semiconductor. The tunability is

the key feature for many possible device applications which

will be discussed in this report.

A comparison of Figs. 1 - 4 reveals that we have a "direct

gap in real space" only in Fig.1, since only in this case the

lowest conduction and the uppermost valence band states are con-

fined to the same spatial region, namely to the lower band gap

layers. In the Figs. 2 - 4 they are shifted by half a superlattice

period, i.e. we are dealing with an "indirect gap in real space".

But only in the systems shown in Figs. 3 and 4 the consequen-

ces of this indirect gap in real space turn out to be dramatic.

There are three major consequences which result from the strong

spatial separation between electrons and holes.

1) Tunability of the carrier concentration. If there are charge

carriers in the subbands (we will show later on how one can

populate these subbands) the electron states exhibit only an

exponentially small overlap with the hole states (see the

lowest subband wave functions indicated schematically in Fig. 3

and 4). Therefore, the electron-hole recombination lifetimes will

be very large. How large they are actually depends on the width

and the hight of the potential barrier created by the space-charge

potential, i.e., it depends first of all on the deign parameters

of the doping superlattice. Calculations of the lifetime will be

presented later on. The long lifetimes imply that it is possible

to maintain large concentrations of excess electrons and holes

in the n- and p-layers, respectively, under low excitation or in-

Jection conditions. In other words: a situation with different

quasi-Fermi-level for electrons, n and for holes, dp

can be metastable in n-i-p-i crystals.

it- ..,



-12

2) Tunability of the effective band gap. With increasing elec-

tron and hole concentration in the n- and p-layers the space

charge of the donors and acceptors in the respective layers be-

comes gradually compensated by the free carriers. The reduction

of the amplitude of the space-charge potential yields an increase

of the effective band gap ( Eeff, o Eeff,n see Figs. 3a
g g

and b and 4a and b).

3) Tunable lifetime. The lifetimes for excess carriers decrease

extremely when E effn increases, since the overlap between
g

occupied subbands increases, or, once more in other words, since

the tunneling barrier for electron-hole recombination becomes

flatter and narrower (compare Figs. 3a and b). We will discuss

this effect in detail later on.

In the next two sections of this report we will list and dis-

cuss electronic properties which are specific for superlattices

and which appear attractive for device applications. In order to

obtain some systematics a distinction will be made between pro-

perties which are in common to compositional and doping super-

lattices (section 3) and others, which are exclusively shown by

doping superlattices, i.e. n-i-p-i crystals and hetero n-i-p-i's

(section 4).

F
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3. Properties, not specific for doping superlattices.

Because of the strong anisotropy of the electronic struc-

ture and the anisotropy of the resulting transport properties

of superlattices a natural classification scheme for transport

phenomena is a distinction between conductivity parallel to
2., the layers ( ) and normal to them (Q).

3.1. Transport parallel to the layers.

The transport properties parallel to the layers of a super-

lattice differ dramatically from the more or less isotropic

transport properties of an uniform semiconductor if the concept

of modulation doping /2/ is used (see Fig.5). The high mobility

observed in modulation-doped superlattices /2,9/ and in hetero-

-n-i-p-i crystals /11,13/ is an essentially classical superlattice

*- phenomenon. By the simple trick of confining the doping to the" II
more central part of the larger-band-gap material (s.c. in

Figs. I and 4) the electrons are spatially separated from the

donors, otherwise acting as stroncscatterers, since they popu-

late the electronic states of lowest energy, which are confined

to the lower-band-gap material (s.c. I). In this way the combi-

nation of high carrier concentration and high mobility can

coexist in modulation-doped semiconductor superlattices, in con-

trast to uniformly doped familiar semiconductors. Two device

applications of modulation-doped semiconductor heterostructures

have been considered in the literature and a third one will be

proposed here.

3.1.1. Fast transistors.

A real enthousism among solid state device scientists

was the reaction about the reports of extremely high low- and

medium-temperature mobilities /9/. They were immediately sti-

"- mulated to use the new material for ultrafast transistors (see

introduction of this report). These transistors are special

version of MESFET's (metal semiconductor field effect transistors)

with the normal Schottky gate on the n-type GaAs surface layer

replaced by a Schottky gate on a selectively doped Al Ga1 As-
Xx

GaAs heterojunction. So they are no superlattice devices, but

they are only using the same concept of separating electrons
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from their parent donors in order to achieve high mobility.

Although I will not discuss any details of these high mobili-

ty transistors (HEMT /8/) or 2-DEGFET's (= 2-dimensional electron

'as FET /10/), I would like to point out that the improvement

in performance is by far not so dramatic as it might be expected

from the high (low-field !) mobility data of the order of

&Lko W 106 cm2V-1s I (at 77K). The actual transit time for a

gate length L is considerably larger than

L- 0L Sd.
for usual source-drain voltages Usd. The reason for that is a drastic de-

crease of mobility with increasing source-drain field Fsd = Usd/L

/14/. This decrease is a consequence of warm and hot carrier

effects which become important already at very low fields because

of the long relaxation times (Example: A field-independent mo-

.' bility of /i.o = 106 cm2 V 1s-1 implies a momentum relaxation

time TZk = /,mc /e 2! 40 ps. The threshold velocity for the

emission of optical phonons is

, o2. 
-----

Thus, a field F = th 7 44 Vcm "I would be sufficient to induce a drift velocity

Vd = ILoF equal to this threshold velocity! For electric fields

of this order of magnitude and above the mobility will be limi-

ted by the electron-LO-phonon interaction).

An analysis of measured field-dependent mobilities in terms

-J of electron- LO-phonon scattering, including the effects of scree-

ning has been given by Inoue et al. /14/. It should be noted that
very favorable transit times are expected for eUsd W and

ver LO
gate lengths Lx <f d Lo/eFth 0 8/A. , if the mobility decreases

CO.
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only at carrier energies in excess of ficL Under these con-
ditions the transport is ballistic, since the transit time

.t s 2L /Vth becomes shorter than the low-field momentum re-

laxation time Z for L A . For a gate length of I

for instance, the transit time becomes at Usd = ' (LO/e 36 mV

T t = Lx/(vth/ 2 ) X 4.5 ps.

This short argument implies that the low power consumption

of HEMT's (or 2-DEGFET's) may turn out to be even a greater ad-

vantage than the gain in switching time.

3.1.2. Real space Gunn oscillators.

Hess has suggested /15/ that the real space transfer of hot

electrons in a modulation-doped superlattice from the high-

mobility lower-band-gap layers into the low-mobility layers with

the larger-band-gap may yield the same effects of domain formation

as the inter-valley transfer in momentum space does in the case

of the familiar Gunn oscillator.

The theoretical investigation of this phenomenon is extreme-

ly difficult. In the case of an Alx GaIx As- GaAs superlattice

in particular, the energies for real space and momentum inter-

valley transfer are not sufficiently different to allow for a

complete neglect of the latter ones. The question whether the

predicted effect may be observable has not yet been answered,

neither by theory nor by experiment, although quite some effort

has been made. Apart from the problems of the field-dependence

of the various momentum-and real-space scattering processes a

delicate trade-off between the influences of Al-content x, do-

ping concentration nD and of the changes of the self-consistent

potential due to the real space transfer of electronic charge /16/

has to be considered. It is therefore clear, that a reliable

answer to this question is far beyond the scope of this general

0 investigation of superlattice device applications.

I"

'p

a. .
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3.1.3. High field monochromatic FIR emission.

Radiative inter-subband transitions of hot electrons be-

tween subbands in silicon inversion layers have been observed

by Gornik et al. /17/ a number of years ago. The same phenome-

non occurs in semiconductor superlattices as well. As a matter

of fact, the situation is theoretically more favorable for the

generation of monochromatic FIR radiation for several reasons:

1) Electrons become hot at rather low fields parallel to the

layers, if modulation-doped superlattices are used (See Sect. 3.1.1)

2) The electronic structure can be designed appropriately, in

contrast to Si-inversion layers where the subband distances are

largely determined by the carrier concentration in the channel.

A favorable electronic structure is shown in Fig. 6a. Such an

arrangement of the bands with E2 - E1 I E1 - Eo, which differs

substantially from the results following from the simple ex-

pression (4) can be obtained easily if the simple potential wells

of Fig. 1 are replaced by potential wells as shown in Fig. 6b

(Shown is onlY the conduction band of this "superlattice with

superstructure" for one period of length d).

With increasing thickness d'' of the intercallated layer

of s.c. II-material the lowest four levels E to E3 change quali-

tatively as shown in Fig. 7 ( d /2 and dI being kept constant).

At large values of VI the pairs of states (Eo , E1 ) and (E2, E )

become two-fold degenerate. The spacing between the lowest non-

degenerate states becomes by a fa4o.r of 4 larger compared with
AIII

the situation at d I. 0 because the width of the potential

.* well changes from dI to d /2 (see Eq. (4)).

We return to the FIR emission. If E2 >"M WLO there will be

few electrons in the E2 -band because of the rapid decrease of the

0 hot electron distribution function for

C LO
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3) Furthermore it is favorable to choosta small electron con-

centration n(2) such that the Fermi energy fulfills the condition

S(t z o /2 )MCz  << LO

The hot electron distribution function f,( ) to lowest order

is then

fAAJ P Lo ~ A, ~O'L (12)

* ) LO (13)

(The factor 2 in the denominator in Eq. (12) takes into account

that the electrons are populating two subbands, the lowest and

the first excited one). The final states for spontaneous (l--*O)-

transitions are therefore empty with a probability I - f o(E) " I

for most of the electrons in the first excited subband.

4) The line width of the emitted FIR radiation with 15(1 = E - E
1 0

(see Fig. 6a) should be narrow because of the small subband broa-

dening in modulation-doped superlattices.

5) The intensity is higher than in a single space-charge layer by

a factor of N , where N is the number of periods in the super-

lattice.

The rate of photons emitted per electron and per second is

given by

~ ~ (14)-So c " ,ol

The value of the matrixelement r 0  can be estimated easily.
r LY d 1 I/2 (15)

.C.
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For 1i = 10 meV and d = 10 nm, for instance, we find

Sp 1 4 -I1
wl 10 s (16)

From this result we deduce that the intensity and the efficiency

of such a FIR light source will be poor: Estimate for intensity

I('1W = 10meV): Superlattice of 1 cm area, consisting of 00

I-(2) 11 -2
periods with a carrier concentration per layer n = 10lcm

1 102 X10ol10 K0.01 eVs - 1 5 1015/1.6xlOlgwatts10 60 watt

Estimate for efficiency: The emission rate for LO-phonons per

electron is of the order of

LAYL o O is

Thus, only a fraction

-- (19)

of the total amount of energy dissipated in the device is emit-

ted as FIR radiation. The efficiency could become much higher

if these was a possibility to obtain the inter-subband emission

in stimulated-emission processes. Unfortunately, we do not see

any possibility how to obtain population inversion between the

E1 - and E0 -bands in the case of transport parallel to the layers

(see, however, the section about transport in z-direction !).

3.2. Transport in superlattice direction.

The transport in direction of periodicity is the domain of

genuine superlattice effects. In superlattices we are dealing

with an electronic structure which differs completely from that

in an uniform bulk-crystal. The band width for carriers moving

in the z-direction is extremely small, typically of the order of

a few meV or less, depending on the design. The energy distance

between neighboring subbands is also small and can be tailored in-
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dependently within wide limits (see section 2). The Brillouin

zone is reduced by a large factor, given by the ratio

(superlattice period) / (bulk lattice constant).

Two fundamentally different device aspects will be dis-

cussed here, which result from phenomena associated with this

unique electronic structure. The first one is the ultra-fast

response negative differential conductivity (NDC) which may be

used for microwave generators down to very short wavelengths.
The second one concerns directly the emission of microwave

radiation by superlattices.

3.2.1. Ultra-fast response for negative differential conduc-

tivity (NDC)

Here we are concerned first with the original idea of Esaki

et al. for NDC which stimulated those authors to investigate

artificial semiconductor superlattices /18/. Following to that

we will consider some modifications. The basic idea of Esaki

and Tsu, expressed in somewhat different terms, was to create

improved conditions for the observation of "Bloch oscillations"

of electrons in a band under the influence of a uniform electric

field. Bloch oscillations represent the extreme limit of high-

field transport and lead to NDC, as we will make plausible by

a heuristic argument. An electron performs Bloch oscillations

if it is accelerated by an electric field to the top of the

band before it looses its momentum by a scattering process.

It is then "Bragg-reflected" at the Brillouin zone boundary

(see text-books like Ref. /19 /).

The condition for Bloch oscillations to occur is that the

frequency of this oscillation

CO eFa/1i (20)

is larger than the inverse of the average momentum relaxation

9?*

pI %%. ., , ,t ° i " '' ,
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I
time , where F is the electric field and a the lattice period.

This condition, however, cannot be fulfilled in any familiar semi-

conductor. An enormous improvement is expected for superlattices

with narrow bands. The average collision or scattering rate -

in a familiar semiconductor becomes very large when the electron

energy exceeds the energy of a LO-phonon. If, however, the band

width 2V, (see Eq. (8)) is less than 19 COLO the generation of

LO-phonons by an electron becomes never allowed and the average

scattering rate may be small at any value of momentum k withinz
the mini-Brillouin zone -7V/d < k ( "1/d , say -  1 12 s-1

The second advantage of a superlattice is the increased period

(a-- d a). Thus, the condition for Bloch oscillations

,o > -i (21)

can be fulfilled at much lower fields. With a replaced by d

we find for d = 10 nm that the condition is now met for

F > 10 Vcm (whereas unreasonably high fields in excess of
16 7 -

10 or 10 Vcm would be required in bulk semiconductors).

Finally, avalanchebreakdown due to impact ionization cannot occur

because of the low kinetic energy of the carriers, and inter-

subband tunneling (the superlattice analogue to Zener tunneling)

can be made small by appropriate design of the structure.

The mechanism for NDC can be made plausible by the following

semiclassical argument /20 /. Assume, that the emission rate for

(acoustic) phonons by electrons which pass through the Brillouin

zone under the influence of the electric field F is independent

of the Bloch frequency cWo. The average energy dissipation per

phonon emission process is

F- (22)

(where Mac is the average energy of the emitted phonons



The dissipated energy tE is provided by the electric potential

4)eFz (23)

The average drift Az of an electron per phonon emission pro-

cess follows to be

2acSeF & z = 'M ZZac (4

and the drift velocity of the electrons is obtained by multiply-

ing 6z with the emission rate

v dr = Az'r-  i -M ac/(eFr ) (25)

Thus, the current in the "high-field" regime becomes

j = env dr enwc.j /(eF' ) (26)

whence

jcc F 1i (27)

follows. Consequentely, the differential conductivity

d diff = dj/dF cc -F-2 (28)

is negative.
The most appealing property of this mechanism for NDC is the

instantaneous response of the current to the extrenal field. In contrast

to other processes, like NDC in the Gunn effect, there is no

transient behavior expected. This is so, because no redistribu-

tion of carriers in real or momentum space has to occur before

the field-dependence of j according to Eq. (26) applies. There-

fore, this mechanism is suitable for very high frequency micro-

wave generation.

The real situation, however, is somewhat different from our

idealized picture:

a.
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1) The average scattering time of o 1012s assumed so far

is probably shorter in real samples. 2 = lO-12s corresponds to

a (low-field) mobility offak=2.5x cm Vs in bulk GaAs. The

dopants which are indispensable for providing the elctrons will

allow for such high mobility only at very low carrier concen-

trations (note, that theadvantage of modulation doping, at least,
is not very effective in the case of rather narrow barriers of

II I
s.c. between the potential wells in s.c. ). In addition, these

scattering times apply only for a topologically nearly perfect

superlattice.

2) Even with 'r as large as 1O-12s the condition for Bloch

oscillations (21) yields eFd t 10 meV. This implies that the

potential drop per superlattice period is comparable with the

subband width 2Vc, (see Eq. (8)). The (classical) amplitude

of a Bloch oscillation is /20 /

A0  ~2- V4 /eRP (29)

It is clear that the description of transport in terms of Bloch

oscillations breaks down if A < d which is equivalent with

eFd > 2V (30)c,o

Fortunately, the NDC persists also in this case, as shown in

Refi. / 21,22/. The transport has now to be described in terms of

hopping between adjacent potential wells. The qualitative de-

pendence between drift velovity vdr = d w(eUd) and potential

drop eUd= eFd between adjacent potential wells is shown in Fig.

8. The increase of v dr(eU d ) for eUd > eU2 may originate from

various phenomena such as from interband tunneling of electrons
from the E o- into the E1 -band. The region of negative differen-

tial mobility

0

CLqY, LQLIL < 0 ;eu, <eUd < eu 2  (31)

which follows the linear and sub-linear low-field region, eUd < eUI, again

,,,



- is a region where the response follows the voltage instantaneously.

Stability considerations. For short times the dependence be-

tween the current density

j = env dr (eFd) (32)

and (average) electric field F = Utot/, has the same shape as
vdr(eUd) in Fig. 8 (Lz = Nd is the total length of the super-

lattice structure). Because of the instability of the region

eU1 < eLJ < eU2  (33)

however, we expect time-dependent effects to be important when the

applied bias Utot is in the range

NU1 < Uto t < NU2  (34)

A stationary state is characterized by the current continuity

condition

=en (2) v (eU for all m (35)Jm,m+1 m Vdr em )~

where m refers to the m-th period of the superlattice..

What happens, if the total external potential exceeds

eUtot > NeU1 ? (36)

Naively, we expect that j decreases with increasing Uto t until

the external potential becomes

eUto t = (N-l) eU I + eU 3  (37)

At this voltage the current would jump beck to its maximum

value

er-Y V o (38)

Sn(2) /d corresponds to the 3-dimensional carrier concentration).

With further increasing Uto t such jumps would occur each time if

the condition

aV"
ii'

'% .V.'.'. ~ %.%'V~
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e-( CU 4kLk2 (39)

is met. This interpretation was used in Ref. /21/ where oscill-
ations of the conductivity observed in a Al Ga As-GaAs super-

x 1-x
lattice were interpreted in these terms.

A rigorous treatment, however, has to take into account the

relation between chanQe in voltage drop between two neigboring

pairs of potential wells and the carrier concentration. In Fig.9

this is illustrated. The changlof potential drop between the

m-th and the (m+l)-th potential well compared with the potential

• drop between (m-l) and m

e- W .L W (40)

is only possible with additional free carriers in the m-th well.

- Poisson's equation requires an additional electron concentration

in the m-th layer an 2), given by

The continuity condition for the current, therefore, becomes

(u I
(2) &(42). , 50meVL an. d ( ~ne obai

For a reasonable value of &eU m  50meV and d = lnm we obtain
(2) 11m-n ) 3.5xlOlcm 2  from Eq. (41). From Eq. (42) we now see

that jmm+ no longer contains necessarily a range of NDC for
eUm.l,m > eU, . The answer to the que~stion whether it does or

not, depends on the shape of Vdr (eUd  and on the value of carriers
v "  (2 )  : I n(2 )  i
per layer in the neutral bulk superlattice n If is

s 0
small, the relative increase of carrier concentration due to

A n (2)(AeUM) is everywhere large enough to overcome the

decrease of vdr in Eq. (42). Thus, oscillations of current

as a function of applied total voltage, j(Utot), will occur only

in samples with sufficiently high carrier concentration in the

ground state and with large negative slope of the vdr vs. eUd

curve. The behavior according to Eq. (39) occurs in the limiting

.M5
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" "caseof vry lrgen(2)

case of very large and/or steep increase of v dr(eU d) in

the range eUI < eUd < eU 2  More important is the time scale
for establishing a steady state situation. It can by estimated

by the time required to accumulate a charge of the order of

n(2) (eUmm+l) due to the difference between the currents

With jm,m+l - o.5 Jm we find

,v .2) (45)

The maximum value of the interlayer transition probability is de-

termined by the design parameters. It should not excced a value

of max O l012s-1 in order to guarantee energy relaxation of

the carriers before hopping to the next potential well. It should

be noted, that wm ax , 10 12s- is probably prohibited also by

the high power dissipation associated with wmax U 1012s -1 and

n (2) 12 cm_ 2  because it implies a very high cu :ent density
emaxn (2) _ 5m 2  m ax

of j " ewmno2 .6x1 cm If, however, w is chosen

by orders of magnitude smaller the response time for steady state

becomes rather long according to Eq. (45).

Before we conclude this section we would like to discuss

briefly the idea of NDC in a double barrier system which was

originally proposed by Esaki et al. / 22, 23/. We will, however,

include the space charge effects into our consideration. It

turns out that the space-charge effects in this device can either

be eliminated or be used favorably, depending on design and on

intension.

In contrast to Esaki et al. we consider the transport across

the double barrier as a two-step process, characterized by

&

- ,!~6 5 6 . ~ *6 -
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transition probabilities w m(V F) and w mr(V mr). Th~s is, at

least, the more appropriate description if

( W m, Wmr) < " m1

where T is the relaxation time of carriers in the central

layer. The transition probability w (Vm) reflects thelm IM
resonances for Vm=- Eo, El ...... .whereas wmr (V mr) for carriers

in the E subband is rather structureless for Vmr> Eo .

Case 1: Wmr is assumed to be significantly larger than

for any potential drop of interest. There are no

carriers in the central layer at zero external bias, nor is there

an appreciable carrier accumulation in that layer under external

bias. The transport through the doublebarrier is mainly determined

by the product of the probability WIm (VlM) and the (nearly con-

stant) carrier concentration in the electron accumulation layer

between GaAs and AlxGalsxAS Theretore the current-voltage

characteristic is stable in the region where dw /dV < 0
Im lm

and its shape does not differ signiticantly from Fig. ; only

the voltage scale is expanded by a factor of about two. The

response to the applied voltage is quasi-instantaneous.

Case 2: A rather large carrier concentration is present in the

m-layer at zero voltage (or, in other words: E -states are po-
0

pulated in the ground state when the Fermi levels 01' Om' and

r coincide), in Fig. II Wlm and wmr are shown as a

tunction of eU m = I- fmand eUmr = Om- r ' respectively. For

convenience we assume equal carrier concentration in the accumu-

lation layer, nJ; ) and in the middle layer, n(2) at zero
,0 a m,o -

bias. Furthermore, we assume o

atter turning on tne external bias Uto t . In tne range

20<eutot < 2 (4 we have

tot 02
CL~ c_ 7 4

.4C 
=
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A bistable steady state current situation Jlm(t--O) = mr(t--c)

as a function ot eUtot , similar to the case discussed tor doping

superiattices in Ref. /23/ , section 5.1.3 is obtained for this

case.

3.2.2. Sontaneous and stimulated FIR emission from interlayer

transitions.

There is a large number of mechanisms for transitions of

charge carriers between adjacent layers of a superlattice. In the

following we will be concerned with radiative interlayer trans-

itions under the influence of an electric field. In this report

we will restrict ourselves to the consideration of radiative

transitions within the lowest subband (no intersubband trans-

itions!). Non-radiating interlayer transitions in a superlattice

due to electron-phononand electron-impurity scattering have been

calculated in Ref. 20 /. It was found that the probability for
2these processes containta reduction factor (V /eFd) comparedc,o

with corresponding bulk values, if the potential drop per super-

lattice period eFd is large compared with the mini-band width 2V
C'o

For the calculation of radiative interlayer transitions the

results of an exact calculation in the one-band approximation /25/

can be applied to our specific case. The result from Ref. /25/

reads for transitions within a thight binding band in terms of

our superlattice parameters

rw VIC 0(47)
)

For d = 20 nm, Vc'o = I meV, eFd = 10 meV the rate of emission

of photons with fiw = 10 meV per electron becomes

2 S_ (48)

The efficiency mn , i.e. the ratio betwee radiative and non-

radiative transitions if more favorable than in the case of FIR

radiation from transport parallel to the layers (see section 3.1.)

S.

.4,

4, ,, . -,. -o , ,, .
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for two reasons:

1) No LO-phonons will be emitted, unless eFd exceeds the value

of

2) The probability for non-radiative interlayer transitions by the

2emission of acoustic phonons is reduced by the factor (V /eFd)
c;o

compared with a uniform bulk material, as shown in Ref. /20/. This

means a net increase of efficiency by a factor of i2 for our

example.

There is, however, a problem which originates from the trans-

lational symmetry of the superlattice in z-direction. For

illustration we consider the Fig. 12 . For a calculation of thie

emission rate in a system with n (2) electrons per layer the

population factors f( aj()) have to be included. For spontaneous

transitions from the m-th into th (m+l)-th layer we obtain

The distribution functions fm Ek ) in Eq. (49) do not

depend on the layer index, because of the translational sym-

metry of the system. They are given by the Fermi-function for

a two-dimensional system of n 2 j electrons

+ 5

T is the electron temperature, which may be larger than the
e

lattice temperature. Integration in Eq. (49) yields

,-.".if the Fermi energy (+12 /2mc)(21(n n ( 2 ) ) is comparable with kT

or larger ( N(2 ) = m /(r~)is the two-dimensional density
i of states). Note, that increasing values of n"(2) will not(2)

increase the intensity of spontaneous radiating interlayer

transitions, but will only increase the non-ratiating processes!

A very important consequence of the translational symmetry

-,w
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is its effect on absorption and stimulated emission in the super-

lattice: Whatever the temperature is, the stimulated emission

processes (m--Pm+l) will be exactly compensated by absorption

processes (m--*m-l). Therefore, there will be no gain in this

system.

We will now show, how this fediciency can be overcome by

replacing the ordinary superlattice by a"superlattice with super-

structure" of appropriate design (Fig. 13a ). The barrier widths
a and d are chosen sufficiently thick in order to guarantee

that the carriers will thermalize after each interlayer trans-

ition within the potential wells of width dI and dI before
a b

making further transitions into the adjacent potential well.

Moreover, the (b)-barriers are thinner than the (a)-barriers.

Thus, the steady state electron concentration n (2) in the (t)-

wells will be smaller than nhigher trans-

ition probabilities through the former ones (Figs. 13 b and c)

It is now evident from Fig. that we have now pupulation

inversion for the (a- b)-transitions with k, -conservation

within the range of momentum values

(52)

with k (2t'n(2) st) 1/2 and k (2'rini2) st)
F,b = b F,a 1/2

where n(2),st and n(2) 'st are the steady state carrier con-
b a

centrations under a given external bias in the (b)- and (a)-

layers, respectively.

The energy of the FIR radiation is tunable by variation of
(2) (2) (2)

the applied bias. At large concentrations of n(2) = n( +n(
a b

space charge effects have also to be taken into account, just

as in the cases discussed in section 3.2.1.

The gain for photons with polarization in z-direction is

given by



(-+,, A) C Cc ' c , ) O' k ,>1
-~ ~~ 6 .

((Ea-Eb)F is the steady state energy difference under the giver

external bias).

In real systems the gain depends on how much the 4 -funcz!ec

in Eq. (54) will be broadened. Assuming a width of I meV

d = 10 nm, eFd =: W 10 meV , v 1 meV, r,( 2 ) - n(2:
11 -2 c,o a b

10 cm and for the real part of the refractive index nr =

we find

g(lOmeV) 300 cm -

From this estimateit follows that a sufficiently high gain fcr hs

construction of a FIR laser could be achieved, even if the es--i-

mates given above might be somewhat too optimistic.

"1
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4. Properties, specific for doping superlattices

The specific properties, which make doping superlattices suitable

for a large number of novel devices are the tunability of

effective band gap and carrier concentration and the extremely

long lifetimes which can be achieved.

Most of the device aspects associated with these properties have

been discussed in a chapter for the book "The Technology and

Physics of Molecular Beam Epitaxy" /26/ (a copy of the manuscript

is attached to this report). In the present report we will only

tie together the essential findings of that document.

Table I gives an overview about some of the properties

(conductivity, optical absorption, stimulated and spontaneous

fp light emission) which can be modulated by external bias and/or

light. A few "electro-electrical", electro-optical,

opto-electric, and "opto-optical" devices are listed at the

appropriate locations in this matrix. This list corresponds to

those devices discussed in Ref. 26.

We want to point out the following facts:

1) The large variety of n-i-p-i devices results from the

possibility to vary many properties by different means (see Table

1). The first two options, modulation by light and by external

bias Unp , are qualitatively similar in some respect: In both

cases the carrier concentration is changed. In the case of

electric modulation the carriers are injected (or extracted)
through selective n- and p-electrodes. Optic modulation is
achieved by electron-hole pair generation and subsequent spatial

separation due to the internal space-charge fields. The

modulation, in both cases implies a constant, but different quasi

Fermi level for electrons, 0,, and holes, p, throughout the

crystal (see Fig.s 3 and 4). The speed of these devices is,

therefore, determined by the time within which these changes can

be achieved.
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The responsetime on an optical signal may be very short. The

decay time for this response, i.e. the recovery time, is limited

by the lifetime of the carriers. Therefore, it can be extremely

long, but also rather short, depending on the design parameters

of the n-i-p-i structure (the range from ks to ns, i.e. 12 orders

of magnitude is readily achievable). Thus, a high sensitivity

photodetector, which is based on the long lifetimes of the

photoconductive response, will show a very long recovery time.

(This is true only for the simplest version; see, however, p.41

of Ref.26 (Section 5.1.1.2.3))

The speed for variation by the external potential eU depends onnp
the time constant 'n p = RnpCnp of the device. Here, Rnp is the

series resistance of the n- and p-layers, and C is thenp
capacitance of the n-i-p-i structure associated with changes of
the carrier concentration n(2) and p(2) in the layers and the

eff,n layer and the

change of the effective band-gap Eg (0 ). This time

constantTnp depends quadratically on the lateral dimensions (Lx

and/or L y) of the device and also on the electron and hole

mobilities.

The third possibility of varying the electronic structure, the

modulation by an external field Fz in direction of periodicity

(see Fig.14), can be achieved by the application of an external

voltage Uz via sandwich electrodes. This procedure differs in two

important points from the modulation by light or by the voltage

U : i) This modulation implies both, an increase (with respectnp
to the neighboring n-layer to the left in Fig.14) and a decrease

(with respect to the neighboring n-layer to the right in Fig.14)

of the effective band-gap. ii)This modulation is not associated
with a change of carrier concentration in the n-i-p-i structure.

Therefore, the speed of modulation is only limited by theji time-constant for a modulation of the voltage U . This time

constant z " R C is the product of the (rather small)

z z
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capacitance of the n-i-p-I structure of total thickness Lz (and

not of the superlattice period d !) and the electrode resistance,

Rz, which can be very small for sandwich electrodes applied to a

n-i-p-i structure on a n+- substrate and with a n+ top layer.

The modulation by this kind of electrodes implies the possibility

for ultra-fast modulation of the conductivity in z-direction
(including the range of negative differential conductivity in

n-i-p-i semimetals). The most important application, however,

will probably be found in the field of optoelectronics, since
ultrafast modulators (based on the variation of absorption for

photon energies 1w(< E 0) and ultra-fast tunable light sources
g

(LED's and lasers) can be made from n-i-p-i crystals. (so far,

only the theoretical concept exists, but there are no principal

* problems to be expected).

2) The variety of devices and the range of their possible

applications becomes particularly wide by the enormous

flexibility in designing n-i-p-i structures for particular

purposes. This flexibility includes, apart from the choice of

doping concentrations and layer thicknesses, also the choice of

the host material. Note, that any semiconductor can be chosen as

the host for a n-i-p-i structure, provided there is a growth

technique available which allows for periodic modulation of n-

and p-doping. If, in addition, the host material can be
lattice-matched with another one, the growth of hetero n-i-p-i

crystals becomes feasible (see Fig.4). The most important

properties by which these superlattices differ from ordinary

n-i-p-i structures, are high electron and hole mobilities and

narrow luminescence lines /11,13,27,28/. In this way many
properties can be optimized simultaneously with respect to very

different parameters of a given device. Thus, e.g., the high

sensitivity of a photodetector for a given long wavelength photon

energy can coexist with low dark currents and low noise level.

J.J.
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Fig,1

Heavy lines: Superlattice potential resulting from the periodic

variation of the conduction and valence band edges, in a

type-I compositional superlattice. The edges of the two lowest

conduction and uppermost valence subbands are shown together with

the lowest subband wave functions (z) and (V 0(Z),

respectively, by light lines.

Fig.?

Same, as in Fig.1, but for type-Il compositional superlattice.

Fig.3

Superlattice potential in a doping superlattice (n-i-p-i crystal)

resulting from the periodic modulation of the conduction and

valence band edges, W(z) and £v(z) by the impurity space charge

potential. The numbers o, 1, 2,... label the subband edges. For

. the O-th subbands the wave functions are indicated. (a) ground

state, without free carriers in the doping layers. (b) excited

state with electrons and holes in the n- and p-layers, with
increased band gap ( E - E ) and different quasi Fermi

levels 0 and 4pfor electrons and holes. The hatched areas

indicate the tunneling barriers for electron-hole recombination

processes.

Fig.4

Same as in Fig.3, however for a hetero-doping superlattice. In

this system the n- and p-doping is confined to the larger band

gap material, s.c. and the carriers are confined to the smaller

W band gap material, s.c. . Electrons and holes are spatially

separated, as in familiar n-i-p-i crystals. In addition, they are

-r spatially separated from their parent impurities, which yields

high electron and hole mobilities.

I.

t . * -., .
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Fig.5

Modulation-doped compositional superlattice. The charge carriers

in the lower band gap material (GaAs) are provided by the donors

in the larger band gap material (AlKGa A As) layers, confined to

a range d cdm . The spatial separation between electrons and

impurity atoms results in extremely weak impurity scattering and,

therefore, very high low- and medium-temperature mobilities.

Fig.6

Compositional superlattice with superstructure. The layers of

larger band gap material of thickness d ,dividing the lower

band gap layers into two layers of thickness d 1/2 (part b) change

the subband distances strongly, depending on the value of d31

Fig.7

Schematic diagram showing the subband edges for a compositional

superlattice with superstructure as shown in Fig.6 as a function

of layer thickness d with dI kept constant (and dJ assumed

rather large, such, that the band width with respect to the k,

-motion is negligible).

Fig.8

Relation between drift velocity, vdr, and potential drop per

superlattice period, eUd - eFd , in a superlattice with electric
field F normal to the layers (schematically). For U1 < Ud< U2  the

differential mobility/. * dvdr/dF is negligible.
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Fig.9

Superlattice with increased potential drop between potential

wells m, and m+1. The increase of potential drop, eUm, according

to Poisson's equation , is assoziated with an increased carrier

concentration, n(2)in the m-th potential well.

Fig.10

Double barrier structure without doping in the larger-bandgap

layers and in the central lower-bandgap layer (see text, case 1).

(a) Real space energy diagram with (full lines) and without

(dashed lines) applied external potential eU. 0, and r indicate

the Fermi levels on the left and the right, respectively. (b)

Probabilities versus potential drop for transitions of a carrier

on the left side to the middle layer, w 1 , and for a carrier in

the middle layer to the right side, m schematically.

Fig.11

Double barrier structure as in Fig.10, however with doping and

with reduced tran sition probabilities wm,r' compared with wl'm

(see text, case 2).

Fig.12.

Real space and momentum space energy diagram of a superlattice

with electric field F applied perpendicular to the layers. The

momentum space picture illustrates, that transitions with

-conservation are possible only near k F and at finite electron

temperatures T*.

S.e"
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Fig.13

Real space, (a) and (b), and momentum space, (c), diagram of a
superlattice with superstructure for the generation of microwaves

by stimulated emission. The design parameters are chosen such,

that inversion population takes place between the lowest subbands

in type (a) and type (b) wells. The microwave frequency can be

tuned by changing the field F.

Fig.14

Modulation of the electronic structure of a n-i-p-i crystal by an

electric field Fz normal to the layers. For a given p-layer the

effective band-gap in' increased by the amount of eF zd/2 with

respect to the neighboring n-layer to the left and decreased by

the same amount with respect to the neigboring n-layer to the

right.
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